The prognostic significance of tumor epidermal growth factor receptor (EGFR) expression change after neoadjuvant chemoradiation in patients with rectal adenocarcinoma Introduction Malignant tumours of the colon and rectum are the most common cancers in developed countries. The incidence of rectal adenocarcinoma represents approximately 30% of this number. A neoadjuvant chemoradiotherapy followed by total mesorectal excision is the basic procedure of the treatment for patients with locally advanced rectal cancer. Neoadjuvant chemoradiotherapy has shown a lower incidence of local recurrence and better toxicity profile compared to adjuvant therapy, but no survival benefit was shown [1] . Potentiation with 5-fluorouracil or capecitabine has shown a higher percentage of pathological complete remission and a lower percentage of local recurrence compared to the treatment with radiotherapy alone [2] [3] [4] [5] . The development of molecular biology enables us to look for other predictive factors of overall outcomes. One of them is receptor for epidermal growth factor (EGFR). The overexpression of EGFR is observed in 50-80% of rectal carcinomas and is associated with a worse prognosis [6] [7] [8] . Radiobiological EGFR studies confirm the critical role of cytoprotective and pro-proliferative responses of tumour cells after irradiation. The increase in EGFR expression after radiotherapy is related to accelerated repopulation of cancer cells [9, 10] . Increased tumour repopulation during radiotherapy leads to the recovery of clonogenic tumour cells, thereby causing counter productivity to radiation therapy alone [11] [12] [13] . Based on the above information, the inhibition of EGFR function during cancer treatment is one of the most investigated processes. Monoclonal antibodies against EGFR have reached the greatest expansion. Cetuximab and panitumumab are used in the treatment of metastatic colorectal cancer [14] [15] [16] [17] [18] . Neoadjuvant treatment of rectal adenocarcinoma has been the topic of several clinical papers evaluating the benefits of monoclonal antibodies against EGFR combined with chemoradiotherapy. Most dates are for cetuximab [19] [20] [21] . Conversely, the percentage of pathological complete response (pCR) was low (5-8%) compared to the percentage of pCR in separate chemoradiotherapy. According to a meta-analysis of phase II and III in clinical trials in 3157 patients, pCR was described in 13.5% of treated patients with neoadjuvant chemoradiotherapy [22] . Panitumumab was evaluated in a phase II clinical study in the neoadjuvant treatment of rectal adenocarcinoma. A total of 60 patients were evaluated. The percentage of complete pathologic remissions was 21.1% [23] . Therefore more options of how to better individualise the treatment of patients with EGFR inhibitors are being looked for. The aim of this retrospective study was to determine the prognostic impact of EGFR expression changes during neoadjuvant chemoradiotherapy in patients with locally advanced rectal cancer, by comparison of EGFR expression in pretreatment endoscopic biopsies and resection specimens after neoadjuvant chemoradiotherapy.
Material and methods
Between January 2005 and December 2009 a total of 59 patients were treated with preoperative radiation for rectal adenocarcinoma potentiated with capecitabine in the Department of Oncology, Liberec Hospital. Fifty patients, 34 men and 16 women, were evaluated. Nine patients were not evaluated because of incomplete clinical and pathological data. The mean age was 61.4 years (range 40-78 years). Microscopically, tubular adenocarcinoma was identified in all 50 patients. Mucinous component was described in three patients. Histologically, the tumour was a well-differentiated adenocarcinoma in 3 patients, moderately differentiated in 38 patients, and poorly differentiated in 9 patients. As far as the anatomical site is concerned, 24 patients had a distal tumour margin localised as far as 5 cm from the internal sphincter, and the same number of patients had between 5.1 and 10 cm. The case of the distal edge of the tumour penetrating more than 10 cm was described in two patients. Before the neoadjuvant chemoradiotherapy was started, 28 patients were in the second clinical stage and 22 patients in the third clinical stage, according to TNM classification.
Treatment
The source of radiation was a linear accelerator Elekta Precise or Elekta Synergy (Elekta, Sweden). We used ionising photon radiation with an energy of 15 MeV. Patients were irradiated using the 3D conformal radiotherapy technique, or IMRT, using segmented fields. All the patients were administered a total dose of 44 Gy (fractionation of 2 Gy) in 22 fractions to the tumour area, mesorectum, and pelvic regional lymph nodes [24] . Capecitabine was concomitantly administered with a dosage of 825 mg/m 2 in two daily oral administrations for the whole duration of radiotherapy, including weekends. Surgery was indicated at intervals of 4-8 weeks from the completion of chemoradiotherapy.
Immunohistochemical determination of epidermal growth factor receptor
The evaluation was semi-quantitative, and the colour intensity of at least 1% of tumour cells was assessed as follows: 0 = none, 1+ = mild, 2+ = moderate, 3+ = severe (Figs. 1-3). A commercial kit (EGFR PharmDxTM, Dako, Denmark) was used. Slides were evaluated by an experienced pathologist who was not familiar with the treatment results of the patients. Endobioptic findings before treatment as well as resection specimens after neoadjuvant chemoradiotherapy and surgical treatment were analysed in our patient group. 
Statistical analysis
The statistical evaluation was performed using the Number Cruncher Statistical Systems 9 NCSS (Kaysville, Utah, USA) program. Overall survival (OS) = time from the first histological verification until death or the date of the last check for survivors. Disease-free survival (DFS) = time from surgery to distant or local recurrence or the last control of a patient without recurrence. The overall survival and disease-free survival was assessed using Kaplan-Meier analysis. The impact of EGFR expression on treatment outcomes (OS, DFS) was assessed by the log-rank test. All the statistical tests were performed at the significance level α = 0.05.
Results
All of the 50 patients received radiotherapy without interruption up to the total planned dose. No patient died during the treatment. Concomitant chemotherapy was discontinued prematurely in four patients because of haematological and gastrointestinal toxicity. No patient was hospitalised because of acute treatment toxicity. Non-haematological toxicity evaluation did not achieve grade III or IV. Anaemia grade III was found in one patient. The median time between chemoradiotherapy completion and surgery was 44 days (6.3 weeks). In 30 patients sphincter-saving surgery was performed, and 20 patients underwent amputation of the rectum. R0 resection was performed in 47 patients, and microscopically positive margin was described by a pathologist in 3 patients. There was no surgically macroscopic residue left in any patient. According to the pathological TNM classification, 14 patients were at the first clinical stage, 24 patients in the second clinical stage, and 8 patients in the third clinical stage after the operation. Four patients achieved complete pathological remission. Complete pathological response was defined as the absence of tumour tissue in the specimen. No patient had the generalisation of the disease described intraoperatively. Downstaging was described in 30 patients. Four patients had complete pathologic remission. Twenty-six patients had partial remission. The disease was stable in 15 patients. Progression was reported in 5 patients. At the time of assessment (31 December 2013) median follow-up was 51.3 months. A recurrence occurred in 25 patients, and 25 patients had no signs of recurrence. Local recurrence was found in 8 patients, and generalisation of disease was reported in 17 patients. The most common sites of metastases were the liver (eight patients) and lungs (seven patients). One patient suffered from brain metastases, and metastatic involvement of retroperitoneal lymph nodes was found in one patient. The median DFS was 64.9 months (95% CI: 26.1 to 67.8 months). The 3-year DFS was 56%. A total of 21 patients died, and 29 patients remained alive. The median OS was 76.4 months (95% CI: 57.3 to 76.9 months). The 3-year OS was 92%. Epidermal growth factor receptor expression was examined both by endobiopsy and in resection specimens after neoadjuvant chemoradiotherapy (Table 1) . Forty-six patients were enrolled into the evaluation of EGFR expression changes. In four patients no change in expression of EGFR was evaluated because pathologic complete response was achieved after neoadjuvant chemoradiotherapy. Increased EGFR expression was found in 12 patients. In 34 patients no increased expression of EGFR was observed (23 patients without any change of EGFR expression, 11 patients with a decrease of EGFR expression). Statistically significantly shorter OS and DFS was found in patients with increased expression of EGFR compared with patients in whom no increase in expression of EGFR during neoadjuvant chemoradiotherapy was observed. The median OS in patients with increased EGFR expression was 41.1 months (95% CI: 39.1 to 47.0 months). The median OS for patients without increased expression of EGFR was 76.9 months (95% CI: 76.4 to 76.9 months, log-rank test: p < 0.0001). The median DFS in patients with increased EGFR expression was 13.7 months (95% CI: 3.8 to 15.8 months). The median DFS in patients without increased EGFR expression was 67.8 months (95% CI: 55.7 to 67.8 months, log-rank p < 0.0001). Kaplan-Meier curves are presented in Figures 4 and 5.
Discussion
Our retrospective study confirmed its target and proved that patients with increased expression of EGFR during neoadjuvant chemoradiotherapy demonstrate significantly shorter OS and DFS. We demonstrated increased expression of EGFR in 12 patients, i.e. 26.1% of all evaluated patients. In 2012, a retrospective study examining the effects of changes in expression of EGFR in 53 patients treated with neoadjuvant chemoradiotherapy for locally advanced rectal cancer was presented [25] . Radiotherapy was potentiated by the administration of 5-fluorouracil. The increase of EGFR expression during neoadjuvant chemoradiotherapy was similarly associated with statistically significantly shorter DFS and OS. Both studies prove the prognostic impact of EGFR expression change in two different groups of patients treated in two different cancer centres. Epidermal growth factor receptor was evaluated in different pathology laboratories. In the group of 53 patients, radiotherapy was potentiated by continuous 5-FU, and in our group by capecitabine. In both studies the prognostic significance of EGFR dynamics was confirmed, therefore they cannot be considered to be pure coincidence but a proven link. The prognostic significance of EGFR expression was the topic of other studies, as well. Azria evaluated the effect of EGFR expression on loco-regional recurrence in biopsy on therapeutic results in 77 patients treated with neoadjuvant radiotherapy. Epidermal growth factor receptor positivity was found in 56% of patients. The median of follow-up of 36 months proved the significantly higher number of local recurrences in patients overexpressing EGFR above 25% in multivariate analysis (HR 7.18, p = 0.037) [26] . Another clinical paper evaluated 92 patients treated with neoadjuvant chemoradiotherapy for locally advanced rectal cancer. Epidermal growth factor receptor positivity was found in 71% of patients. Patients with high EGFR expression showed significantly shorter OS (p = 0.013), DFS (p = 0.002), and distant metastases-free survival (p = 0.003) compared to patients with no or low expression of EGFR [27] . Conversely, another retrospective study did not show any prognostic impact of EGFR and KRAS mutations expression in 146 patients treated with neoadjuvant chemoradiotherapy for rectal adenocarcinoma on OS and DFS. In this study the determination of the EGFR gene amplification by FISH was done [28] . Reparations, redistribution, repopulation, and reoxygenation belong to the basic mechanisms governing the interaction between ionising radiation and tissues (4R) [29] . Epidermal growth factor receptor plays an important role in all four mechanisms. Epidermal growth factor receptor has an important function in the repair of cellular damage induced by radiation. Epidermal growth factor receptor may also be directly translocated into the cell nucleus with direct activation of transcription factors with cell reparation as a final result [30] [31] [32] . Similarly, after EGFR activation by ionising radiation, the signalling pathway of the Ras/Raf/MAPK is activated with the expression of repair genes (Rad51, ATM, XRCC1) [33] [34] [35] . Epidermal growth factor receptor also has an influence on the redistribution of cells after irradiation. Epidermal growth factor receptor inhibitors lead to a redistribution of the cell cycle by a block in the G1 phase. Moreover, the cell cycle can also be prolonged by a radiation-induced block in the G2 phase of the cell cycle [36] . As already mentioned, pathologic complete remission with a combination of EGFR inhibitor and neoadjuvant chemoradiotherapy of locally advanced rectal adenocarcinoma was low. The explanation of this will need further understanding of the interaction between radiotherapy, EGFR inhibitors, and cytostatics.
Nyati et al. discussed in their paper whether the cause could be seen in the suboptimal sequence of administered treatment that might lead to an antagonistic rather than a potentiating effect [37] . It was found that EGFR inhibitors cause the redistribution of the cell cycle by G1 phase blockade [36] . Administration of EGFR inhibitors before the cytostatic scan arrested the cell cycle in the G1 phase, which can affect the attenuation of the effects of subsequently administered cytostatics, with an impact on other phases of the cell cycle. It is the cytostatics used in the treatment of colorectal cancer (5-fluorouracil, oxaliplatin, irinotecan) that have the most highlighted effect on the cell cycle in the S/G2/M phase of the cell cycle [19] . The administration of EGFR inhibitors leads to a reduction in tumour proliferation. Conversely, radiotherapy has a lesser effect on the less proliferating tumour cells. This is another cause of lower pathological complete remission after the concomitant treatment with EGFR inhibitors and radiotherapy [38] . The variation in the prognostic significance of EGFR in clinical studies may also be associated with the method of determining the EGFR expression [26, 27, 39, 40] . It can be obtained from a combination of various influences such as the sampling method, preparation of tissue samples, the method of receptor activity evaluation, and others. On the basis of the results of the current retrospective study it would be appropriate to identify a group of patients with increased EGFR expression during neoadjuvant chemoradiotherapy. This group of patients would gain benefit from additional therapy by EGFR inhibitors after surgery. In the future, prospective studies could take advantage not only of immunohistochemistry ex vivo, but also of immunohistochemistry in vivo using PET EGFR, which could evaluate the dynamics of EGFR expression not only before and after chemoradiotherapy, but also during chemoradiotherapy with early antiEGFR therapy [41] .
In conclusion, the increase of EGFR expression during neoadjuvant chemoradiotherapy for locally advanced rectal cancer is associated with significantly shorter overall survival and disease-free survival.
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